1. Introduction {#sec1-membranes-10-00104}
===============

Sulfite is usually added in various forms to preserve food and beverages. Sulfite has the ability to inhibit bacterial growth and chemical processes by either enzymatic or non-enzymatic reaction \[[@B1-membranes-10-00104],[@B2-membranes-10-00104]\]. The active species is free sulfite. However, it is difficult to determine free sulfite due to its low stability. The determination of total sulfite, which is the sum of free sulfite and bound sulfite, is more reliable than only the free sulfite. Release of bound sulfite from other molecules can be carried out by heating or adding alkaline media \[[@B3-membranes-10-00104]\]. Sulfite can cause adverse symptoms such as asthmatic, gastrointestinal distress, diarrhea and hives for certain people \[[@B4-membranes-10-00104],[@B5-membranes-10-00104]\]. According to Joint FAO/WHO Expert Committee on Food Additives (JECFA), the acceptable daily intake of sulfite is 0.7 mg kg^-1^ body weight per day \[[@B6-membranes-10-00104]\]. The United States Food and Drug Administration (FDA) has announced that all food and beverage products containing sulfite must be labelled on the package as "contains sulfites", if sulfite content is more than 10 mg L^−1^ SO~3~^2−^ \[[@B7-membranes-10-00104]\]. Hence, to protect customer's health and safety, monitoring of total sulfite in food and beverage products is essential.

An optimized Monier-Williams method is one of the standard methods recommended by the Association of Analytical Chemist (AOAC) (Official Method 990.28). This method employs a distillation process to liberate SO~2~ gas from the sample solution containing hydrochloric acid. Purging nitrogen gas during distillation process is necessary to assist trapping of the produced SO~2~ gas in the hydrogen peroxide solution, leading to formation of sulfuric acid. The solution is then titrated with standard sodium hydroxide. Another titrimetric method is the Ripper method \[[@B8-membranes-10-00104]\]. The sample solution is also acidified in order to convert sulfite to SO~2~ gas. The SO~2~ gas is then titrated with standard iodine using starch indicator to obtain the amount of sulfite in the sample solution. These two titrimetric methods are based on separation of sulfite from the sample matrices by acidification according to the following reaction \[[@B9-membranes-10-00104]\]:

Nevertheless, these methods are laborious, time consuming, and have low precision because of loss of SO~2~ gas due to operating in an open system.

The reaction shown in Equation (1) can be applied for converting sulfite into SO~2~ gas in food and beverages containing complex matrices. There is an available commercial analyzer for total sulfite and SO~2~/H~2~S from UIC, Inc., IL, USA \[[@B10-membranes-10-00104]\]. This analyzer is based on coulometric detection of SO~2~ gas after acidification of sample. Analysis time is 5 to 7 min and is suitable for both solid and liquid samples.

One of the common gas--liquid separation methods is gas-diffusion (GD) through a membrane. The general configuration of a GD unit consists of two acrylic blocks with designed grooves. A hydrophobic membrane, e.g., polytetrafluoroethylene (PTFE), is placed between the two acrylic blocks to allow only hydrophobic gas to pass. Hydrophobic PTFE membrane can improve the selectivity of the analysis by allowing rapid rate of gas diffusion with good chemical resistance. In sulfite analysis, after acidification, the generated SO~2~ gas in the donor stream passes through the hydrophobic membrane and dissolves in the acceptor stream \[[@B11-membranes-10-00104],[@B12-membranes-10-00104]\]. Several detection methods for flow-based systems have been reported for the detection of the dissolved SO~2~, such as pH-ion-sensitive field-effect transistor (pH-ISFET) \[[@B13-membranes-10-00104]\], colorimetry \[[@B14-membranes-10-00104],[@B15-membranes-10-00104],[@B16-membranes-10-00104]\], chemiluminescence \[[@B17-membranes-10-00104]\], potentiometry \[[@B18-membranes-10-00104]\], voltammetry \[[@B19-membranes-10-00104]\], amperometry \[[@B20-membranes-10-00104],[@B21-membranes-10-00104]\], biamperometry \[[@B9-membranes-10-00104]\], and conductivity \[[@B11-membranes-10-00104]\].

Another configuration of the gas--liquid separation unit is the membraneless vaporization (MBL-VP) unit. A unit that is suitable for computer control of flow was first proposed by Ratanawimarnwong et al. in 2013 \[[@B22-membranes-10-00104]\]. The unit has a headspace region connecting the donor and acceptor chambers. The flows in and out of the cones are through ports at the base of the cones. A capacitively coupled contactless conductivity detector (C4D) has been used as a detection system for the MBL-VP unit. C4D is a universal detector for conductivity measurements but with the two electrodes not directly contacting the measuring solution. C4D has advantages over conventional conductivity detector for flow systems since the electrodes are easily mounted on the outer wall of the flow tube and is robust in use. Several applications of MBL-VP-C4D for the analysis of volatile gases converted from ionic analytes have been presented, such as dissolved ammonium and sulfide in canal water \[[@B23-membranes-10-00104]\] and sulfite in wines \[[@B24-membranes-10-00104]\].

In this work, C4D was selected as the detector for the analysis of total sulfite after the conversion of the sulfite ions into SO~2~ gas via acidification. The samples are wines, extracts of dried fruit and turbid fruit juice. MBL-VP unit with C4D has been reported for analysis of sulfite in clear samples, especially wine, but there is no report of analysis of turbid or cloudy sample such as extracts of dried fruit or fruit juice. Particulate suspensions can cause the clogging of injection valves and narrow flow channels in the MBL-VP unit. We therefore selected the GD unit with hydrophobic PTFE membrane for gas--liquid separation. Direct aspiration for a fixed time of diluted turbid sample into the acid donor stream is employed. The generated SO~2~ gas from the donor stream passes through the PTFE membrane in the GD unit and dissolves in the water acceptor leading to a change in the conductivity of the water. This conductivity change is monitored by the C4D detector.

2. Materials and Methods {#sec2-membranes-10-00104}
========================

2.1. Chemicals and Preparation of Sulfite Standard Solutions {#sec2dot1-membranes-10-00104}
------------------------------------------------------------

All chemicals and reagents used were analytical reagent grade. All solutions were prepared in a deionized (DI) Milli-Q^®^ Advantage A10 Water Purification System (resistivity 18.2 MΩ·cm, Millipore SAS, Molsheim, France). Stock standard sulfite of 1000 mg L^−1^ SO~3~^2−^ was freshly prepared by dissolving 0.1575 g of Na~2~SO~3~ (Merck, Darmstadt, Germany) in 100.0 mL of 0.1% (w/v) Na~2~EDTA (Fisher scientific, Loughborough, UK). The accurate concentration of this stock standard solution was determined by titration with standardized iodine solution. A stock solution of 20% (w/w) sugar (food grade from Mitr Phol Sugar, Thailand) was prepared by weighing exactly 10.00 g of table sugar followed by the addition of 40.00 g of deionized water.

A working sulfite standard for the determination of total sulfite was freshly prepared from the 1000 mg L^−1^ SO~3~^2−^ stock solution by aliquoting appropriate volumes to give a series of sulfite standards (5 to 25 mg L^−1^ SO~3~^2−^). For the analysis of wine samples, to each aliquot of the stock sulfite solution, 0.50 mL of 5% (w/v) Na~2~EDTA and 2.50 mL of 4 mol L^−1^ NaOH (Merck, Germany) were added and then the solution made up to volume with DI water in a 25.00-mL volumetric flask. For the analysis of dried fruit extracts and turbid fruit juices, 2.50 mL of 20% (w/w) sugar was also added into each aliquot of standard sulfite solution. A working sulfite standard for the determination of free sulfite was freshly prepared in the same manner as for the determination of total sulfite, but without the addition of the NaOH solution.

2.2. Preparation of Samples {#sec2dot2-membranes-10-00104}
---------------------------

White and red wines, turbid fruit juice and various packaged dried fruits were purchased from local supermarkets in Bangkok.

For the analysis of total sulfite in wine and fruit juice, 2.50 mL of wine/juice was aliquoted into a 25.00-mL volumetric flask. Then, 0.50 mL of 5% (w/v) Na~2~EDTA and 2.50 mL of 4 mol L^−1^ NaOH were added. Deionized water was added to make up to volume.

For the analysis of total sulfite in dried fruit, an extraction step, adapted from Jiangli Lin et al. \[[@B25-membranes-10-00104]\] was employed. The dried fruit sample was manually cut into small pieces and then ground in a blender. A 40.00-mL volume of 0.4 M NaOH in 0.1% (w/v) Na~2~EDTA was added into a 50-mL centrifuge tube containing 8.00 g of the blended dried fruit. The mixture was sonicated for 15 min. The sample was then directly introduced via aspiration into the donor flow line (see [Figure 1](#membranes-10-00104-f001){ref-type="fig"}b).

2.3. Flow Systems and Operation {#sec2dot3-membranes-10-00104}
-------------------------------

[Figure 1](#membranes-10-00104-f001){ref-type="fig"} shows the two flow systems used in this work for analysis of the two types of samples, i.e., clear liquid and turbid samples. System I is the flow-injection analysis (FIA) system suitable for clear samples and was employed for optimizing various flow parameters (see [Section 3](#sec3-membranes-10-00104){ref-type="sec"}). System II is the flow system employed for the final developed method for analysis of turbid and clear samples. Both systems are coupled with an in-line gas-diffusion (GD) unit and a capacitively coupled contactless conductivity detector (C4D).

In both flow systems, a peristaltic pump (Ismatec model ISM 827, Glattbrugg-Zürich, Switzerland) is employed to propel the donor and acceptor solutions. The donor stream is sulfuric acid (1 mol L^−1^) and the acceptor is deionized water. In order to introduce the sample into the flow line, an injection valve (Rheodyne^®^ Model 5041, Cotati, CA, USA) mounted with a 200-µL sample loop is used in flow System I. In flow System II a 3-way aquarium flow valve (Pawfly-UL232, New York, NY, USA) is used to aspirate a sample solution at a flow rate of 1.5 ml min^-1^ for 12 s into the donor flow by opening the valve. The pump tubing is Tygon^TM^ (Cole-Parmer, Vernon Hills, IL, USA), with polytetrafluoroethylene (PTFE) tubing (i.d. 1.02 mm) for the liquid-flow path and for the mixing coils C1--C3.

The rectangular GD unit (5.0-cm width, 15.0-cm length, 2.0-cm height) is made from two rectangular pieces of clear Perspex blocks with matching grooves comprising 3 parallel straight tracks (1-mm depth) with each end the middle track connected at right angles to the two outer tracks as shown in [Figure A1](#membranes-10-00104-f0A1){ref-type="fig"} (see [Appendix A in supplementary data](#app1-membranes-10-00104){ref-type="app"}). Each groove is connected to an inlet and outlet port. A polytetrafluoroethylene (PTFE) plumber tape (0.1-mm thick and 16-mm wide) is placed between the two Perspex blocks, thus producing channels above and below the membrane. The unit is made leak tight by 14 pairs of nuts and bolts.

The C4D detection flow cell \[[@B23-membranes-10-00104],[@B24-membranes-10-00104],[@B26-membranes-10-00104]\] is a polyether ether ketone (PEEK) tubing (1.0 mm i.d., 1.6 mm o.d.) with two cylindrical bands of painted silver conductive ink (2.0 cm long and 0.5 mm apart) as electrodes. Shielding is carried out by placing the PEEK tubing in a metallic box. An AC voltage (20 V~pp~, 20 kHz) is applied to one electrode from a function generator (GW Instek, SFG-2104, Taiwan). The AC current flowing between the two electrodes is monitored at the second electrode, The AC current is amplified and rectified by a custom build electronics unit (Bangkok High Lab Co., Ltd., Bangkok, Thailand). The output DC signal, which is proportional to the circuit admittance, is recorded by a signal recorder (e-corder 201, eDAQ, Denistone East, NSW, Australia) and analyzed with eDAQ Chart software (version 5.5.25).

In System I ([Figure 1](#membranes-10-00104-f001){ref-type="fig"}a), standard/sample is introduced via a sample injection loop, whereas, in System II, the standard/sample is aspirated into the flow system (as described above) to react with a continuous flowing stream of sulfuric acid. Aspiration time for sample introduction in System II was studied as shown in [Figure A2](#membranes-10-00104-f0A2){ref-type="fig"} (see [Appendix B](#app2-membranes-10-00104){ref-type="app"} in data). The sulfite ion is converted to SO~2~ gas, which diffuses across the PTFE membrane to dissolve into the water acceptor stream. The C4D flow cell then monitors the signal change resulting from conductivity change of water upon the dissolution of the SO~2~ gas. Calibration graph is a plot of the C4D signal heights against the concentrations of the injected standard, as shown in the insets in [Figure 2](#membranes-10-00104-f002){ref-type="fig"}.

A new PTFE membrane is employed for every new set of measurements. During an analysis, a control standard solution of 10 mg L^−1^ SO~3~^2−^ is analyzed after every six samples to assess the condition of the PTFE membrane based on whether the concentration of the control is within ±3SD, standard deviation, of the back-calculated concentration using the calibration equation.

3. Results and Discussion {#sec3-membranes-10-00104}
=========================

3.1. Flow System Design {#sec3dot1-membranes-10-00104}
-----------------------

In a preliminary study to investigate the potential use of the flow injection system with the GD unit for determination of sulfite, standard sulfite solutions were directly injected via an injection valve (IV in [Figure 1](#membranes-10-00104-f001){ref-type="fig"}a) into a continuous flowing reagent stream of 1.0 M H~2~SO~4~ (cf. [Figure 1](#membranes-10-00104-f001){ref-type="fig"}a without the middle flow line). However, it was found that the C4D signals were not reproducible (data not shown). Thus, a second flow line of 1.0 M H~2~SO~4~ was added to provide better mixing after generation of SO~2~ gas (see [Figure 1](#membranes-10-00104-f001){ref-type="fig"}a). The signal profiles were found to be reproducible, as shown in [Figure 2](#membranes-10-00104-f002){ref-type="fig"}a. A good linear calibration range was also obtained from 5 to 25 mg L^−1^ SO~3~^2−^ (see inset of [Figure 2](#membranes-10-00104-f002){ref-type="fig"}a).

To overcome the problem of clogging of the injection valve (IV in [Figure 1](#membranes-10-00104-f001){ref-type="fig"}a) by turbid samples, even after sample dilution, flow System II ([Figure 1](#membranes-10-00104-f001){ref-type="fig"}b) was designed for aspiration of the sample directly into the flow line. A 3-way aquarium flow valve (AV) was employed for the introduction of such turbid samples. When the valve is set to connect to the standard sulfite/sample reservoir for 12 s, the solution is aspirated into the donor flow line (flow rate 1.5 mL min^−1^). The flow System II provides comparable sensitivity for the same linear range of 5--25 mg L^−1^ SO~3~^2−^ and coefficient of determination (*r*^2^) as for System I (see insets in [Figure 2](#membranes-10-00104-f002){ref-type="fig"}a,b). To confirm that the slopes of calibrations are not significantly different, a paired *t*-test of the back-calculated concentrations using the calibration equations was performed with *t*~stat~ (0.68) \< *t*~crit~ (3.16) at *p* = 0.05 (see [Table A1](#membranes-10-00104-t0A1){ref-type="table"}, [Appendix C in supplementary data](#app3-membranes-10-00104){ref-type="app"}). In this study, System II was selected as the suitable system for the determination of total sulfite of both clear and turbid samples.

3.2. Optimization {#sec3dot2-membranes-10-00104}
-----------------

In the optimization study, System I was employed for convenience.

### 3.2.1. Concentration of the Sulfuric Acid {#sec3dot2dot1-membranes-10-00104}

The concentration of H~2~SO~4~ in the donor stream affects the extent of the conversion of the sulfite ion into SO~2~ gas. The concentration range of H~2~SO~4~ studied was 0.05 to 2.0 mol L^−1^, using sulfite standard solutions of 10 and 25 mg L^−1^ SO~3~^2−^, respectively. The flow rates for the flow lines are shown in [Figure 1](#membranes-10-00104-f001){ref-type="fig"}a. As shown in [Figure 3](#membranes-10-00104-f003){ref-type="fig"}a, it is observed that the C4D signal heights are small when 0.05 mol L^−1^ H~2~SO~4~ is used (\~0.11 V and \~0.73 V, for 10 and 25 mg L^−1^ SO~3~^2−^, respectively). The C4D signal heights significantly increased fourfold for the 10 mg L^−1^ SO~3~^2−^ sample and twofold for 25 mgSO~3~^2−^ L^−1^ when the H~2~SO~4~ concentration is increased to 0.5 mol L^−1^, with the heights remaining constant for higher concentrations of the acid. It should be noted that, for flow systems, the chemical processes have not reached equilibrium. These results show that, at ≥0.5 mol L^−1^, sufficient excess of acid has been achieved for giving a constant signal (see [Figure 3](#membranes-10-00104-f003){ref-type="fig"}a). Thus 1.0 mol L^−1^ H~2~SO~4~ was selected to ensure that the C4D signal was independent of the acid concentration.

### 3.2.2. Selection of Type of Acceptor Liquid {#sec3dot2dot2-membranes-10-00104}

The acceptor stream should be a solution that gives a change of conductivity on the dissolution of the diffused SO~2~ gas. In this study, two acceptor liquids were tested, i.e., DI water and 1mM H~2~O~2~ \[[@B11-membranes-10-00104]\]. [Figure 3](#membranes-10-00104-f003){ref-type="fig"}b shows the signals from the C4D obtained from sulfite standards (5, 10 and 25 mg L^−1^ SO~3~^2−^) using the two acceptor liquids. The results in [Figure 3](#membranes-10-00104-f003){ref-type="fig"}b clearly show that only deionized water gave significant changes in conductivity for all three sulfite standard solutions (5, 10 and 25 mg L^−1^ SO~3~^2−^). When employing 1mM H~2~O~2~ as acceptor liquid, changes in the C4D signals were found for only sulfite at 10 and 25 mg SO~3~^2−^ L^−1^, respectively. When SO~2~ gas dissolves in the acceptor liquid, the conductive species produced in water and H~2~O~2~ are H~3~O^+^ and SO~3~^2−^ and H~3~O^+^ and SO~4~^2−^, respectively. Both deionized water and H~2~O~2~ have no conductivity because they have low dissociation constants (water: pK~a~ 7 and H~2~O~2~: pK~a~ 11.75). DI water was selected because it is environmentally friendly and provides a lower limit of detection.

### 3.2.3. Flow Rate of Donor and Acceptor Streams {#sec3dot2dot3-membranes-10-00104}

The flow rates of donor and acceptor streams were investigated to obtain highest sensitivity. The flow rate of donor was varied whilst keeping the acceptor flow rate constant and vice versa.

The flow rate of each donor streams was varied from 0.5 to 1.5 mL min^−1^, with the flow rate of acceptor line fixed at 1.0 mL min^−1^. [Figure 4](#membranes-10-00104-f004){ref-type="fig"}a shows that increasing the flow rate of donor stream gave an increase in the sensitivity. Moreover, higher flow rate also reduced the analysis time (see the numbers in parenthesis in [Figure 4](#membranes-10-00104-f004){ref-type="fig"}a). Therefore, the flow rate of 1.5 mL min^−1^ was selected as the optimum flow rate of each donor line.

[Figure 4](#membranes-10-00104-f004){ref-type="fig"}b shows the effect of flow rate of the acceptor on sensitivity, with each donor flow line set at the selected value of 1.5 mL min^−1^. It was found that increasing the flow rate of the acceptor from 0.5 to 2.0 mL min^−1^ produced a large decrease in the sensitivity (from 12.9 to 7.9 (×10^−2^) V per mg L^−1^ SO~3~^2−^). High flow rate gives a short residence time of the acceptor solution in the gas diffusion unit and thus a lower accumulated concentration of the SO~2~ gas, i.e., a lower C4D peak height. However, the flow rate of the acceptor stream of 1.5 mL min^−1^ was selected as a compromise between sensitivity and analysis time.

### 3.2.4. Length of Mixing Coil C1 {#sec3dot2dot4-membranes-10-00104}

Mixing coils in flow Systems I and II ([Figure 1](#membranes-10-00104-f001){ref-type="fig"}) are employed for different purposes. Coil C1 is used to improve the mixing of the sample and the acid donor stream. Coil C2 is also used to provide efficient mixing of the dissolved SO~2~ gas in the water acceptor. Coil C3 is employed to produce back pressure in the donor line inside the GD unit. In this work, we need to minimize the dispersion effect in the acceptor stream so coil C2 is kept as short as possible at 50 cm. In this experiment, only coil C1 was varied from 50 to 150 cm. As shown in [Figure 4](#membranes-10-00104-f004){ref-type="fig"}c, the 50-cm coil length for C1 was selected since it gave the highest sensitivity.

### 3.2.5. Sample Volume {#sec3dot2dot5-membranes-10-00104}

The amount of standard sulfite injected into the system varied from 100 to 500 µL. As shown in [Figure 4](#membranes-10-00104-f004){ref-type="fig"}d, increasing the volume from 100 to 200 µL improves the sensitivity by 50%. However, for the 500-µL sample volume, there is at only a further increase of 10%. We therefore selected a 200-µL volume as the optimal sample volume.

3.3. Interference Study {#sec3dot3-membranes-10-00104}
-----------------------

Evaluation of some possible interference species was carried out in order to examine the selectivity of the developed Flow-GD-C4D system. The possible interference species was spiked at various concentration into 25 mg L^−1^ sulfite standard solution. The limit of tolerance is defined as the highest concentration of the species that gives the C4D signal not greater than ± 3 standard deviation (SD) of the mean of the C4D signal of the standard sulfite solution (SD). [Table 1](#membranes-10-00104-t001){ref-type="table"} summarizes the tolerance limit of possible interference species. Only the sugars and glycerol have a low limit of tolerance. Since samples of dried fruit extracts and fruit juices contain sugar, this problem was resolved by preparing the standard sulfite solutions with addition of sucrose at 2% (w/w) for the calibration plots when measuring sulfite in these samples (see [Section 2.1](#sec2dot1-membranes-10-00104){ref-type="sec"}).

3.4. Capability of the Proposed System for Turbid Samples {#sec3dot4-membranes-10-00104}
---------------------------------------------------------

The normal flow injection systems employ an injection valve to introduce the sample with q reproducible volume. However, the sample solution must be clear to avoid clogging the injection valve. Thus, sample filtration or centrifugation are normally needed to obtain clear solutions, which is time-consuming. As discussed in [Section 2.3](#sec2dot3-membranes-10-00104){ref-type="sec"} and [Section 3.1](#sec3dot1-membranes-10-00104){ref-type="sec"}, the flow System II shown in [Figure 1](#membranes-10-00104-f001){ref-type="fig"}b was suitable for the direct introduction of diluted turbid fruit juice without filtration.

However, colloidal matter in fruit juice sample may affect the diffusion process of SO~2~ through the PTFE membrane. We therefore investigated the tolerance limit of the system to turbidity. A standard 25-mg L^−1^ sulfite solution containing various concentrations of formazine (HACH, CO, USA), having turbidity ranging from 0 to 200 Nephelometric Turbidity Units (NTUs), was prepared. The tolerance limit is defined as the maximum turbidity giving a C4D signal of the standard sulfite solution \< (mean − 3SD). As shown in [Figure 5](#membranes-10-00104-f005){ref-type="fig"}, the Flow-GD-C4D system can tolerate turbidity up to 60 NTUs. The turbidity of the samples of fruit juice after tenfold dilution with DI water is in the range of 20-50 NTUs (see [Figure A3](#membranes-10-00104-f0A3){ref-type="fig"} and [Table A2](#membranes-10-00104-t0A2){ref-type="table"} in [Appendix D in supplementary data](#app4-membranes-10-00104){ref-type="app"}). Thus, diluted fruit juice is suitable for direct introduction into the flow system.

3.5. Analytical Performances {#sec3dot5-membranes-10-00104}
----------------------------

Under the optimal condition described in [Section 3.2](#sec3dot2-membranes-10-00104){ref-type="sec"}, the analytical performance for the developed flow Systems I and II for the determination of total sulfite is tabulated in [Table 2](#membranes-10-00104-t002){ref-type="table"}. Both systems provide a working range of 5 to 25 mg L^−1^ SO~3~^2−^ suitable for the sulfite analysis of most wines, extracts of dried fruit and fruit juices and also for the regulatory purposes, e.g., labeling required for sulfite content \> 10 mg L^−1^ \[[@B7-membranes-10-00104]\]. Good precision with \< 2% RSD and the throughput of 24 injection h^−1^ were obtained. The limits of detection were 2.4 mg L^−1^ SO~3~^2−^ and 3.3 mg L^−1^ SO~3~^2−^ for flow Systems I and II, respectively (see footnote of [Table 2](#membranes-10-00104-t002){ref-type="table"} for definition of LOD). For the analysis of turbid samples, only the appropriate dilution of the samples is required.

There is a change of the baseline signal after each injection of either standard or sample solutions. However, the baseline returns to original value before the injection of the following standard or sample, indicating that the membrane is still in good condition (no clogging or tear of the membrane). During a measurement procedure, the performance of the PTFE membrane is checked by injecting a control solution of 10 mg L^−1^ SO~3~^2−^ after every six samples. The state of the PTFE membrane is based on whether the concentration of the control is within ±3SD of the back-calculated concentration using the calibration equation.

[Table 3](#membranes-10-00104-t003){ref-type="table"} lists the comparison of the characteristics of the various flow-based systems employing gas-diffusion separation and C4D detection of sulfite as reported in the literature. Most of the samples were clear wine. The limit of quantitation ranged from 0.1--7.8 mg L^−1^ SO~3~^2−^.

3.6. Application to Wine, Dried Fruit and Fruit Juice {#sec3dot6-membranes-10-00104}
-----------------------------------------------------

The developed flow System II was applied to the analysis of free and total sulfite in wine, dried fruits and fruit juices. To evaluate the accuracy of this method, the results for total sulfite were compared to those obtained from iodimetric titration \[[@B8-membranes-10-00104]\], as shown in [Table 4](#membranes-10-00104-t004){ref-type="table"}. The concentrations of total sulfite for the samples of white and red wines were comparable (paired *t*-test: *t*~stat~ = 1.98, *t*~crit~ = 2.36, *p* = 0.05), indicating that there were no systematic differences between the results of the two methods. However, it is observed (see [Table 4](#membranes-10-00104-t004){ref-type="table"}) that total sulfite in dried fruits and juices obtained from iodimetric titration are always higher than our method. This is due to the presence of reducing species in fruit juice, such as ascorbic acid, citric acid and sugars, which can react with the iodine titrant. This would lead to the over estimation of total sulfite in these samples by iodimetric titration.

[Table A3](#membranes-10-00104-t0A3){ref-type="table"} (see [Appendix E in Supplementary data](#app5-membranes-10-00104){ref-type="app"}) gives the free and total sulfite found in the samples. As expected, the concentrations of free sulfites are lower than total sulfite, which includes bound sulfites released upon the addition of NaOH. The developed method is therefore suitable for the analysis of both free and total sulfites.

4. Conclusions {#sec4-membranes-10-00104}
==============

This work presents a simple flow-based system incorporating an in-line gas-diffusion (GD) unit and a contactless conductivity detector for the analysis of total sulfite in wines, dried fruits and fruit juice. The analysis is based on the conversion of sulfite ions into SO~2~ gas via acidification with the generated gas diffusing through a PTFE membrane in a GD unit into a water acceptor stream. The dissolution of SO~2~ gas in the water acceptor gives ionic species that change the conductivity of the water plug, which is detected by the in-line C4D detector. Sample introduction is achieved through the aspiration of the sample for 12 s in order to avoid clogging problems with the injection valves. Wine and fruit juice are first diluted tenfold with DI water and then directly aspirated into the flow system. The PTFE membrane can tolerate a turbidity of samples up to 60 NTUs. The total sulfite content in samples were compared with iodimetric titration. The developed flow method is applicable to analysis of both clear and turbid samples.
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![Drawing of gas-diffusion unit used in this work.](membranes-10-00104-g0A1){#membranes-10-00104-f0A1}

![Comparison of absorbance signals of red dye solution obtained from System I using the 200-μL sample loop and from System II with various aspiration times (8--13 s) for sample introduction.](membranes-10-00104-g0A2){#membranes-10-00104-f0A2}

membranes-10-00104-t0A1_Table A1

###### 

Quantitative results of back-calculated concentrations from calibration graphs obtained from the Systems I and II.

  Nominal Concentration   Back-Calculated Concentration (mg L^−1^ SO~3~^2−^)   
  ----------------------- ---------------------------------------------------- --------------
  5.0                     5.16 ± 0.19                                          4.97 ± 0.28
  10.0                    9.96 ± 0.09                                          10.71 ± 0.51
  15.0                    13.53 ± 0.32                                         15.10 ± 0.63
  20.0                    20.86 ± 0.21                                         19.51 ± 0.80
  25.0                    24.40 ± 0.20                                         25.11 ± 0.24

Paired *t*-test: *t*~stat~ (0.68) \< *t*~crit~ (3.16); *p* = 0.05.

![Calibration graph for turbidity in NTU using standard solutions of formazine.](membranes-10-00104-g0A3){#membranes-10-00104-f0A3}
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###### 

Measured turbidity values in NTU of cloudy fruit juice samples from the calibration graph in [Figure A2](#membranes-10-00104-f0A2){ref-type="fig"}.

  Sample            Turbidity, NTU (n = 3)   
  ----------------- ------------------------ -------------
  Apple juice \#1   19.5 ± 0.4               194.7 ± 4.2
  Apple juice \#2   19.3 ± 0.2               193.1 ± 1.7
  Lime juice        50.1 ± 0.5               501.4 ± 5.4

membranes-10-00104-t0A3_Table A3

###### 

Results of the determination of free and total sulfite in wine, dried fruit, and fruit juice samples obtained using the flow Systems I and II.

  Sample           Free sulfite (mg L^−1^ SO~3~^2−^)   Total sulfite (mg L^−1^ SO~3~^2−^)
  ---------------- ----------------------------------- ------------------------------------
  White wine \#1   67.4 ± 2.2                          183.5 ± 1.1
  White wine \#2   78.9 ± 5.4                          211.6 ± 1.6
  Red wine \#1     88.6 ± 1.2                          113.0 ± 2.1
  Red wine \#2     102.6 ± 1.6                         137.7 ± 6.4
  Dried fruit      n.d.                                341.7 ± 6.5
  Juice            107.8 ± 3.5                         244.8 ± 3.2

n.d.: not detected.

![Schematic of the flow-injection systems with an in-line GD unit and a C4D detector. System I with injection valve (IV) is used for clear samples and for the optimization study. System II allows for aspiration of sample via the 3-way valve (AV) and is used for both clear and turbid samples. PP: peristaltic pump; IV: injection valve; AV: 3-way aquarium valve; C1 and C2: mixing coils; C3: back-pressure coil; GD: gas diffusion unit; C4D: capacitively coupled contactless conductivity detector; S: sample; W: waste.](membranes-10-00104-g001){#membranes-10-00104-f001}

![Signal profiles of standard sulfite solutions obtained from **(a)** System I and **(b)** System II. Insets are the linear calibration graphs after the subtraction of reagent blank signal (0 mg SO~3~^2−^ L^−1^).](membranes-10-00104-g002){#membranes-10-00104-f002}

![Bar graphs of the effect of (**a**) sulfuric acid concentration in the donor stream and (**b**) the type of acceptor solution on C4D signal heights. n.d.: not detected.](membranes-10-00104-g003){#membranes-10-00104-f003}

![Optimization of physical parameters affecting the sensitivities and analysis time for sulfite analysis. The numbers in parenthesis are analysis time (min) per injection.](membranes-10-00104-g004){#membranes-10-00104-f004}

![Tolerance limit of the developed system for turbidity on the standard solution of 25 mg L^−1^ SO~3~^2−^ (the tolerance limits of +/− 3SD).](membranes-10-00104-g005){#membranes-10-00104-f005}
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###### 

Investigation of possible interfering species in wine for total sulfite analysis from triplicate injections of 25 mg L^−1^ SO~3~^2−^ standard solution.

  Interfering Species (Unit)          Reported Level        Tolerance Limit for FIA-GD-C4D
  ----------------------------------- --------------------- --------------------------------
  Ethanol (%v/v)                      16 ^a^                30
  Sucrose (%w/w)                      0.05--0.5 ^b^         0.05
  Fructose (%w/w)                     0.05--0.5 ^b^         0.05
  Glucose (%w/w)                      0.05--0.5 ^b^         0.01
  Ascorbic acid (mg L^−1^)            1100--1200 ^b^        500
  Tartaric acid (mg L^−1^)            1000--6,000 ^b^       1000
  Citric acid (mg L^−1^)              Less than 1,000 ^b^   500
  Glycerol (%w/v)                     0.8--1 ^b^            0.5
  CO~2~ (from HCO~3~^−^) (mg L^−1^)   Less than 2,000 ^b^   100

^a^ \[[@B27-membranes-10-00104]\]; ^b^ \[[@B11-membranes-10-00104]\].
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###### 

Analytical performance of the flow systems with an in-line GD-C4D system for the determination of total sulfite.

  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Analytical parameter                                                                        System I: FIA-GD-C4D                                                   System II: Flow-C4D-G4D
  ------------------------------------------------------------------------------------------- ---------------------------------------------------------------------- ---------------------------------------------
  1\. Working range                                                                           5--25 mg L^−1^ SO~3~^2−^                                               5--25 mg L^−1^ SO~3~^2−^

  2\. Example of linear calibration, *r*^2^                                                   *y* = \[(8.73 ± 0.26) × 10^−2^\]*x* -- (0.20 ± 0.04), *r*^2^ = 0.997   *y* = \[(8.48 ± 0.36) × 10^-2^\]*x* --\
                                                                                                                                                                     (0.12 ± 0.06), *r*^2^ = 0.995

  3\. Precision ^a^ (as RSD)                                                                  1.4 %                                                                  1.6 %

  4\. Limit of detection ^b^                                                                  2.4 mg L^−1^ SO~3~^2−^                                                 3.3 mg L^−1^ SO~3~^2−^

  5\. Injection throughput                                                                    24 injections h^-1^                                                    24 injections h^-1^

  6\. Type of samples                                                                         Wine                                                                   Wine, extracts of dried fruit, fruit juices

  7\. Sample pretreatment (see [Section 2.2](#sec2dot2-membranes-10-00104){ref-type="sec"})   Addition of EDTA and NaOH\                                             Extraction with NaOH\
                                                                                              Dilution with deionized water                                          Dilution with deionized water
  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

*x*: concentration of SO~3~^2−^ in unit of mg L^−1^, y: C4D signal height in volts. ^a^ nine replicates of 10 mg L^−1^ standard sulfite solution. ^b^ Limit of detection calculated from 5x(std. dev. of regression}/slope calibration).
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###### 

Comparison of a flow-based system coupled with a gas--liquid separation unit for the conductivity detection of total sulfite.

  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Method                                   Gas--Liquid Separation Unit/Type of Membrane   Acidification\    Acceptor\       Sample(s)                                Throughput (h^−1^)   Linear Range and Limit of Quantitation/Detection   Ref.
                                                                                          Solution          Liquid                                                                                                                           
  ---------------------------------------- ---------------------------------------------- ----------------- --------------- ---------------------------------------- -------------------- -------------------------------------------------- -------------------------------
  MPFS Conductometry                       GD/Tubular PTFE                                2 M H~3~PO~4~     1 mM H~2~O~2~   Wines (white, red and rose)              12                   12.75-95.25 mg L^−1^ SO~3~^2−^\                    \[[@B11-membranes-10-00104]\]
                                                                                                                                                                                          LOQ: 12.75 mg L^−1^ SO~3~^2−^                      

  FIA Conductometry                        GD/PTFE membrane                               2 M HCl           Water           Wines (white, red and rose) and juices   120                  1-50 mg L^−1^ SO~3~^2−^\                           \[[@B28-membranes-10-00104]\]
                                                                                                                                                                                          LOQ: 0.10 mg L^−1^ SO~3~^2−^                       

  FIA-SIA Contactless conductivity (C4D)   MBL-VP/-                                       1.5 M H~2~SO~4~   Water           Wines (white, and red)                   26                   10-200 mg L^−1^ SO~3~^2−^L\                        \[[@B24-membranes-10-00104]\]
                                                                                                                                                                                          LOQ: 0.30 mg L^−1^ SO~3~^2−^                       

  FIA-SIA Contactless conductivity (C4D)   MBL-VP/-                                       1.5 M H~2~SO~4~   Water           White wines                              24                   10-200 mg L^−1^ SO~3~^2−^L\                        \[[@B26-membranes-10-00104]\]
                                                                                                                                                                                          LOQ: 7.68 mg L^−1^ SO~3~^2−^                       

  FIA Contactless conductivity (C4D)       GD/PTFE membrane                               1 M H~2~SO~4~     Water           Wines (white, and red)                   24                   5-25 mg L^−1^ SO~3~^2−^\                           **This work**
                                                                                                                                                                                          LOD: 2.4 mg L^−1^ SO~3~^2−^                        

                                                                                                                            Dried fruits and juices                  24                   5-25 mg L^−1^ SO~3~^2−^\                           
                                                                                                                                                                                          LOD: 3.3 mg L^−1^ SO~3~^2−^                        
  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

MPFS: multipumping flow system; FIA: flow injection analysis; SIA: sequential injection analysis; GD: gas-diffusion unit; MBL-VP: membraneless vaporization unit; PTFE: Polytetrafluoroethylene; C4D: capacitively coupled contactless conductivity detector; LOQ: limit of quantitation; LLOQ: lower limit of quantitation.
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###### 

Results of total sulfite content in wines, dried fruits and fruit juices determined by FIA-GD-C4D as compared to iodimetric titration.

  Sample              Total Sulfite     
  ------------------- ----------------- -----------------
  White wine \#1 \*   91.8 ± 1.2 ^a^    108.7 ± 8.4 ^a^
  White wine \#2 \*   105.6 ± 0.4 ^a^   92.6 ± 8.8 ^a^
  White wine \#3 \*   105.8 ± 1.6 ^a^   110.3 ± 2.3 ^a^
  White wine \#4 \*   83.3 ± 0.8 ^a^    93.9 ± 0.9 ^a^
  Red wine \#1 \*     101.2 ± 3.7 ^a^   112.8 ± 0.5 ^a^
  Red wine \#2 \*     56.5 ± 2.1 ^a^    80.1 ± 1.7 ^a^
  Red wine \#3 \*     78.8 ± 0.1 ^a^    79.7 ± 6.0 ^a^
  Red wine \#4 \*     80.0 ± 0.1 ^a^    86.4 ± 8.8 ^a^
  Dried guava         170.8 ± 0.7 ^b^   159.6 ± 4.0 ^b^
  Dried mango         96.9 ± 0.8 ^b^    206.2 ± 2.3 ^b^
  Apple juice \#1     81.4 ± 0.3 ^a^    205.4 ± 2.4 ^a^
  Apple juice \#2     122.4 ± 1.6 ^a^   163.1 ± 0.5 ^a^
  Lime juice          137.2 ± 1.8 ^a^   184.1 ± 8.8 ^a^

^a^ mg L^−1^ SO~3~^2−^; ^b^mg kg^−1^ SO~3~^2−^. \* Paired *t*-test for white and red wines sample: *t*~stat~ = 1.98, *t*~crit~ = 2.36, *p* = 0.05.
